Neurotrophins acting at the trkB receptor have been shown to be important modulators of activity-dependent plasticity in the hippocampus, but the mechanisms underlying these effects are not yet well understood. To identify the cellular and subcellular targets of trkB ligands in the adult rat hippocampal formation, full-length trkB receptor immunoreactivity (trkB-IR) was localized using electron microscopy. trkB-IR was present in the glutamatergic pyramidal and granule cells. Labeling in these neurons appeared as discrete clusters and was primarily in axons, excitatory-type axon terminals, and dendritic spines and to a lesser extent in somata and dendritic shafts. trkB-IR was commonly found on the plasma membrane of dendritic spines, whereas in other subcellular regions trkB-IR was often intracellular. Labeling was strikingly dense within axon initial segments, suggesting extensive receptor trafficking. trkB-IR was not confined to pyramidal and granule cells. Dense trkB-IR was found in occasional interneuron axon initial segments, some axon terminals forming inhibitory-type synapses onto somata and dendritic shafts, and excitatory-type terminals likely to originate extrahippocampally. This suggests that trkB is contained in some GABAergic interneurons, neuromodulatory (e.g., cholinergic, dopaminergic, and noradrenergic) afferents, and/or glutamatergic afferents. These data indicate that full-length trkB receptor activation may modulate glutamatergic pathways of the trisynaptic circuit both presynaptically at axon terminals and initial segments and postsynaptically at dendritic spines and shafts. Signaling via catalytic trkB may also presynaptically affect inhibitory and modulatory neurons. A pan-trkB antibody labeled the same neuronal populations as the full-lengthspecific trkB antiserum, but the labels differed in density at various subcellular sites. These findings provide an ultrastructural foundation for further examining the mechanisms through which neurotrophins acting at trkB receptors contribute to synaptic plasticity.
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Key words: neurotrophin; trkB; ultrastructure; electron microscopy; plasticity; BDNF Neurotrophins have historically been ascribed roles in the survival, development, and maintenance of neurons. However, many of their recently documented actions-rapid modulation of firing rates, ion channels, and neurotransmitter synthesis and release, as well as slower modifications of cytoarchitecture -are consistent with a more dynamic role in modulating neural connections (for review, see L o, 1995; Thoenen, 1995; L u and Figurov, 1997) . Several lines of evidence suggest that neurotrophins, particularly those acting at the trkB neurotrophin receptor, modulate activitydependent plasticity in hippocampal formation. First, trkB receptor as well as its ligands brain-derived neurotrophic factor (BDN F), neurotrophin-4/5 (N T-4/5), and the lower-affinity NT-3 (Klein et al., 1990; Lamballe et al., 1991; Gall and Lauterborn, 1992; Timmusk et al., 1993; Friedman et al., 1998) are found in hippocampal neurons. Second, expression of trkB receptor and its ligands is modulated by neuronal activity, including experimentally induced seizures (Gall and Lauterborn, 1992; Merlio et al., 1993) and long-term potentiation (LTP) (Patterson et al., 1992; Castren et al., 1993; Bramham et al., 1996; Dragunow et al., 1997) . Third, activity of hippocampal neurons can be modulated by alterations in neurotrophin levels. Exogenous BDNF induces rapid enhancement of synaptic transmission in hippocampal dissociated cell cultures (Leßmann et al., 1994; Levine et al., 1995) , in slices Schuman, 1995, 1996) , and in vivo (Messaoudi et al., 1998) . LTP is greatly reduced in BDNF knock-out mice but is rescued by restoring BDNF (Korte et al., 1995 (Korte et al., , 1996 Patterson et al., 1996) . Similarly, pretreatment of hippocampal slices with a trkB-IgG fusion protein to scavenge free BDNF greatly attenuates LTP (Figurov et al., 1996) .
Several lines of evidence suggest that neurotrophin actions are likely to be varied and complex. Both retrograde (Bothwell, 1995; von Bartheld et al., 1996b) and anterograde (von Bartheld et al., 1996a; Altar and DiStefano, 1998; Fawcett et al., 1998) transport of neurotrophins have been demonstrated in the CNS. Hippocampal pyramidal and dentate granule cells express trkB and BDNF, suggesting possible autocrine and paracrine actions (Kokaia et al., 1993) . Electrophysiological studies suggest that trkB ligands enhance hippocampal synaptic transmission by presynaptic actions on axon terminals (Leßmann et al., 1994; Kang and Schuman, 1995; Levine et al., 1995; Scharfman, 1997; Messaoudi et al., 1998) . However, there are also indications that neurotrophin-mediated enhancement involves postsynaptic trkB receptors on somata and /or dendrites (Levine et al., 1995; Tanaka et al., 1997) . Adding to the complexity, alternative splicing of trkB mRNA produces at least three different trkB receptor isoforms with different signaling capabilities: the f ull-length "catalytic" receptor and two truncated forms lacking the intracellular tyrosine kinase. These forms are differentially expressed during development and after neuronal activity and have been postulated to have distinct f unctions (Bothwell, 1995) .
Two recent survey studies (Fryer et al., 1996; Yan et al., 1997 ) used light-microscopic immunocytochemistry to examine the distribution of trkB in the rat forebrain. The antibody used almost exclusively in both studies was raised against the extracellular portion of trkB common to both f ull-length and truncated forms. Because the f ull-length and truncated forms of trkB are likely to carry out different f unctions, a precise knowledge of the distributions of the different isoforms is necessary to f ully understand the action of neurotrophins in hippocampal formation. For example, the current controversy over whether the effects of trkB ligands on synaptic plasticity are presynaptic or postsynaptic can be addressed with ultrastructural localization of trkB receptors. Thus, in the present study we have used a combination of light and electron microscopy to determine the broad cellular distribution and subcellular location of immunoreactivity specific for the full-length trkB receptor in the hippocampus and dentate gyrus.
MATERIALS AND METHODS

Antisera.
A polyclonal rabbit antiserum against trkB was generously supplied by Dr. David Kaplan (Montreal Neurological Institute, McGill University, Montreal, Quebec, C anada). This antiserum, referred to here as "trkB" and previously called "trkB-in," was raised against a synthetic peptide (HISNGSN TPSSSEGGPDAV I) corresponding to amino acids 482-501 in the predicted cytoplasmic domain of f ull-length trkB, which the truncated forms lack (for review, see Bothwell, 1995) . This antiserum was previously shown to recognize the f ull-length trkB receptor but not the f ull-length trkA or trkC receptors on Western blots of Sf9 insect cells expressing these receptors (Fryer et al., 1996) . In addition, the trkB antiserum recognizes the f ull-length trkB receptor but not the truncated trkB receptor on blots of wheat germ lectin precipitates of adult hippocampal formation (Fryer et al., 1996) .
An affinity-purified polyclonal trkB antibody ("trkB 23-36 "; generously provided by Dr. Stuart Feinstein, Neuroscience Research Institute, University of C alifornia, Santa Barbara, CA) was also used for comparative purposes. This antibody was generated in rabbit against a synthetic peptide from the extracellular portion of the trkB receptor (amino acids 23-36). It was shown to recognize both f ull-length and truncated trkB receptors on Western blots of adult rat hippocampal formation and specificity in fixed tissue immunocytochemistry was demonstrated by preadsorbing the antiserum with trkB-expressing Sf9 insect cells (Fryer et al., 1996) .
Immunoc ytochemistr y. Ten adult male Sprague Dawley rats (Hilltop Lab Animals, Scottdale, PA), weighing 355-385 gm (ϳ65-75 d old) were used. Rats were injected with sodium diethyl dithiocarbamate (DEDTC) (0.5 mg / kg, i.p.) to eliminate artifactual immunogold labeling of endogenous zinc stores (Veznedaroglu and Milner, 1992) , deeply anesthetized with sodium pentobarbital, and perf used sequentially with (1) 10 -20 ml of normal saline containing 1000 U/ml heparin, (2) 3.75% acrolein (Polysciences, Warrington, PA) and 2% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4), and (3) 2% paraformaldehyde in PB. The brains were removed from the skull, cut into 5-6 mm coronal blocks, and post-fixed in the last fixative for 30 min. Coronal sections (40 m thick) were cut through the hippocampal formation on a vibrating microtome (Vibratome) and collected in PB. Free-floating sections were selected from the midseptotemporal portion and pretreated with 1% sodium borohydride in PB (Eldred et al., 1983) .
Most sections were processed for immunocytochemistry using a modification of the avidin -biotin -peroxidase complex technique (Hsu et al., 1981) as previously described (Drake et al., 1996) . To enhance reagent penetration, tissue processed for light microscopy (L M) contained 0.25% Triton X-100 in the primary antibody diluent, whereas most sections processed for electron microscopy (EM) were treated with a modification of the "freeze -thaw" technique (Drake et al., 1996) . Tissue was incubated sequentially in (1) 1:2000 -1:3000 dilution of trkB antiserum [diluent: 0.1 M Tris-saline buffer (TS, pH 7.6) and 0.1% bovine serum albumin (BSA)] for 36 -40 hr at 4°C, (2) biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA) diluted 1:400 in TS and 0.1% BSA for 30 min at room temperature, and (3) avidin -biotin -peroxidase complex (ABC) (Vectastain Elite kit; Vector) at twice the recommended dilution in TS for 30 min at room temperature. Tissue was rinsed in TS between incubations. Immunolabeling was visualized by incubating sections in PB containing 3,3Ј-diaminobenzidine (0.22%) and hydrogen peroxide (0.00003%).
Some sections were processed using the immunogold-silver method (Chan et al., 1990) . Although less sensitive than immunoperoxidase, the gold-labeling technique allows greater precision in identif ying the subcellular distribution of immunoreactive sites. Sections were pretreated with sodium borohydride, rinsed, and freeze -thawed twice to optimize immunogold labeling. Sections were incubated in trkB antiserum (diluted 1:300 in TS with 0.1% BSA) for 36 -40 hr at 4°C, rinsed in TS followed by 0.01 M PBS, pH 7.4, and then incubated in PBS containing 0.1% gelatin and 0.8% BSA for 30 min. Next, sections were incubated for 2 hr in goat anti-rabbit IgG conjugated to 1 nm gold particles (Amersham, Arlington Heights, IL) diluted 1:50 in PBS, gelatin, and BSA. The sections were rinsed in PBS, incubated 10 min in 2% glutaraldehyde, transferred to 0.2 M sodium citrate, pH 7.4, and intensified in a silver solution (IntenSE kit; Amersham) for 6 -8 min.
T wo types of control experiments were conducted in parallel with normal immunolabeling. First, to examine whether labeling was nonspecific due to secondary antibody or other processing steps, the trkB antiserum was omitted from the primary antibody incubation. Second, although the trkB antiserum was previously shown to be specific for the f ull-length trkB receptor in Western blots (Allendoerfer et al., 1994; Fryer et al., 1996) , specificity in acrolein /paraformaldehyde-fixed tissue was demonstrated with adsorption controls. TrkB antiserum was incubated with 1 mM antigenic peptide overnight at 4°C and then substituted for the untreated primary antiserum on some sections.
Final preparation and anal ysis. For L M, immunolabeled sections were mounted onto gelatin-coated glass slides, dried, dehydrated through ethanols and xylenes, and coverslipped in DPX mounting medium (Aldrich, Milwaukee, W I). The hippocampal formation was examined and photographed using a Nikon Microphot microscope equipped with bright-field and differential interference contrast optics.
For EM, labeled sections were fixed in 2% osmium tetroxide in PB for 1 hr, rinsed in PB, dehydrated through a series of ethanols and propylene oxide, and flat-embedded in EMBed between two sheets of Aclar plastic. Immunolabeled regions of the dentate gyrus and the CA1 region of hippocampus were glued onto Epon blocks, and ultrathin (ϳ60 nm) sections were cut on an ultramicrotome and collected on copper grids. Sections were counterstained with uranyl acetate and lead citrate (Reynolds, 1963) and then examined and photographed on a Philips C M10 electron microscope (Mahwah, NJ) .
Qualitative EM analysis of immunoperoxidase-and immunogoldlabeled tissue was conducted on tissue from eight animals, using standardized definitions of somata, dendrites, axons, axon terminals, or glia (Peters et al., 1991) . Synapses were identified based on the presence of a clear synaptic specialization, a widened synaptic cleft with parallel membranes, and three or more synaptic vesicles presynaptically and were classified as asymmetric (excitatory-type) or symmetric (inhibitory-type). Some terminals possessed distinctive features (shape, size, vesicle content, and synaptic morphology) that allowed their categorization as "excitatory-type" or "inhibitory type," based on previous descriptions of glutamatergic and GABAergic terminals, respectively (Bramham et al., 1990; Peters et al., 1991; Freund and Buzsaki, 1996) . It should be noted that terminals containing acetylcholine, serotonin, or catecholamines form a small proportion of the asymmetric synapses and symmetric synapses in hippocampal formation (reviewed by Freund and Buzsaki, 1996) , and the postsynaptic effects of these neurotransmitters are variously excitatory or inhibitory, depending on the available receptor subtypes (Andrade et al., 1986; Marchi et al., 1989; Alkondon et al., 1997; McMahon and Kauer, 1997) .
Quantification of the EM distribution of trkB -immunoperoxidaselabeled profiles was performed in the CA1 region of the hippocampus and the dentate gyrus. T wo 40 m tissue sections from each of three animals were examined for each region. From each 40 m section, ultrathin sections were prepared for EM examination, and 55 ϫ 55 m fields were selected from each CA1 lamina [alveus, stratum (st.) oriens, st. pyramidale, st. radiatum, and st. lacunosum-moleculare] or each dentate gyrus lamina (st. moleculare, st. granulosum, and hilus). Criteria for selection included good morphological preservation, the presence of immunolabeling, and proximity to the Epon -tissue interface (to minimize undercounting caused by limited reagent penetration; Pickel et al., 1993) . All immunolabeled profiles within each selected field were photographed. Labeled profiles were counted and scored by type, and synapses were counted and classified as symmetric or asymmetric. Profiles that lacked identif ying characteristics were counted and classified as "unknown." All profiles were counted before sorting by laminar location and by animal. Within each lamina, the mean values for each profile type per 55 ϫ 55 m field were calculated for each animal. A Mann -Whitney rank-sum test (Sigmastat software) was used to evaluate differences between presynaptic and postsynaptic profiles in each lamina.
RESULTS
Light microscopic immunoreactivity for full-length trkB in hippocampus and dentate gyrus
To determine the extent of catalytic trkB-IR in the hippocampal formation and to provide L M images for comparison with those from earlier studies, we used light microscopy to examine sections labeled with trkB -immunoperoxidase. Labeling was present in both CA1 and CA3 regions of the hippocampus proper and in the dentate gyrus. TrkB-IR was present predominantly in short smooth processes extending from somata and to a lesser extent was in somata, thin beaded fibers, and scattered small punctate structures ( Fig. 1 B 
-E).
The morphology and orientation of the short (Յ30 m), smooth trkB-labeled processes suggested that they might be axon initial segments of pyramidal cells and granule cells (i.e., principal neurons). In CA1 and CA3 regions ( Fig. 1 B, C) , the short labeled processes were in st. pyramidale and the adjacent portion of st. oriens but not st. radiatum. In the dentate gyrus ( Fig. 1 D) these processes were in st. granulosum and hilus.
trkB-IR was present in the somata of most neurons in st. pyramidale, and st. granulosum ( Fig. 1 B-D) . In addition, trkB-IR was present in somata and putative axon initial segments of a few neurons in all hippocampal and dentate gyrus laminae except st. moleculare of the dentate gyrus ( Fig. 1 B-D) . The size and location of most of these neurons suggested that they might be inhibitory GABA-and /or GAD-containing interneurons (Freund and Buzsaki, 1996) . However, some of the large trkB-labeled neurons in the hilus of the dentate gyrus were similar in size and location to both excitatory glutamate-containing mossy cells (Ribak et al., 1985; Buckmaster et al., 1993; Soriano and Frotscher, 1994) and large inhibitory interneurons of that region (Amaral, 1978; Freund and Buzsaki, 1996) .
The small punctate structures with trkB-IR, some of which were clearly connected by fine fibers (Fig. 1C) , corresponded to the light microscopic appearance of beaded axons and axon terminals. These structures were present in all subfields of hippocampus proper and the dentate gyrus ( Fig. 1 B-D ). They were concentrated in the infragranular hilus of the dentate gyrus ( Fig.  1 D) and were more dispersed in other laminae and fields ( Fig.  1 B-D) .
Specificity of full-length trkB labeling
Omission of the primary antiserum resulted in a complete absence of labeling. Similarly, labeling was completely abolished in adsorption controls examined using light microscopy ( Fig. 1G ). When adsorption controls were examined using electron microscopy, some residual labeling was seen in endosomes and in glia.
Reaction product was also present in a very few morphologically compromised spines, axons, and terminals.
In addition to an extensive light microscopic characterization of the labeling pattern obtained with another antiserum, Fryer et al. (1996) also provided a brief description of the labeling pattern obtained with the full-length-specific trkB antiserum previously denoted trkB-in. In the micrograph shown by Fryer et al. (1996) , the full-length trkB antiserum strongly labeled apical dendrites in hippocampus. Because we did not observe this pattern using the same antiserum, we undertook an additional series of control experiments, varying our antiserum concentration and tissue fixative to more closely resemble the labeling conditions used in the earlier study (Fryer et al., 1996) . Both acrolein/ paraformaldehyde-fixed sections and 4% paraformaldehyde-fixed sections were tested, and trkB antiserum was serially diluted 1:200 -1:2000 with both fixations. With all conditions tested, we obtained our original labeling pattern, although darker labeling and a diffuse background were present with more concentrated trkB antiserum and weaker tissue fixation (Fig. 1 E) . These results indicate that the conditions subsequently used to process tissue for EM analysis were optimal and provided a complete representation of the specific labeling pattern for this antiserum. The reason for the discrepancy with the previous description may be attributable to the differences in processing technique (e.g., the use of frozen sections and peroxidase-antiperoxidase in the earlier study vs vibratome sections and ABC in the present study).
Light microscopic comparison of labeling with two trkB antisera
The labeling pattern obtained with the antiserum against fulllength trkB was compared with that obtained using a different trkB antiserum (trkB [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] ), which recognizes both full-length and truncated forms of the trkB receptor under the denaturing conditions of Western blots (Fryer et al., 1996) . Using LM, the trkB 23-36 antiserum was previously shown to heavily label pyramidal cell apical dendritic shafts and was specific, as determined by an immunocytochemical adsorption control (Fryer et al., 1996; Yan et al., 1997) . Using either acrolein/paraformaldehyde or 4% paraformaldehyde fixation and diluting the antibody 1:200 -1: 1000, we observed the same labeling pattern with trkB [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] (Fig.  1 F) as Fryer and colleagues (1996) . There are several possible reasons why the labeling pattern of trkB [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] did not completely overlap the full-length-specific trkB labeling pattern. Contributing factors may have included impaired recognition of the fulllength trkB protein by the trkB 23-36 antibody because of different extracellular conformation or modifications of the extracellular domain (Williams et al., 1994) or greater detection of the much more abundant truncated form of trkB by trkB [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] antibody in fixed tissue. In support of the latter possibility, Fryer et al. (1996) reported that a higher concentration of trkB [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] was required for fixed tissue immunocytochemistry than for Western blots, an indication that fixation may have compromised tissue immunoreactivity.
By electron microscopy, trkB-IR is intense in axon initial segments of pyramidal and granule neurons and less intense in axons
Because trkB-mediated effects on synaptic plasticity have been demonstrated in the CA1 region of hippocampus and the dentate gyrus (Kang and Schuman, 1995; Korte et al., 1995; Figurov et al., 1996; Patterson et al., 1996; Scharfman, 1997; Messaoudi et al., 1998) , we focused our EM analysis on these regions. As was observed with LM, the most dramatic labeling for full-length Figure 1 . Light microscopy and specificity of trkB-IR. A, Schematic of a coronal section through the hippocampal formation (adapted from Swanson, 1995) . al, Alveus; hi, hilus; sg, st. granulosum; slm, st. lacunosum-moleculare; so, st. oriens; sp, st. pyramidale; sm, st. moleculare; sr, st. radiatum. B, In the CA3 region of hippocampus, trkB-IR is present in neuronal somata and smooth processes (example indicated by the curved arrow) extending from neurons in st. pyramidale, and in small punctate structures in st. radiatum and st. oriens. C, In the CA1 region of hippocampus, trkB-IR is present in neuronal somata and in processes extending into st. oriens (inset, curved arrow), as well as in scattered fine beaded processes (straight arrows) in st. radiatum. D, In dentate gyrus, st. granulosum and the hilus contain darkly labeled somata and smooth, tapering processes (curved arrows) extending from somata. Fine punctate processes (straight arrows) are present in the hilus and st. moleculare. E, In the CA1 region, different (Figure legend continues) Figure 2. Dense trkB-IR is present in the axon initial segments of principal cells. A, A labeled pyramidal cell axon initial segment (trkB-is) contains intense trkB-IR. The somatic perikaryon ( p) contains clusters of labeling affiliated with endoplasmic reticulum (er) and mitochondria ( m). The nucleus ( n) and a primary dendrite ( d) lack labeling. B, In the dentate gyrus, intense trkB-IR is in an axon initial segment (trkB-is) of a granule cell. The somatic perikaryon ( p) and nucleus ( n) are unlabeled. C, Higher magnification of a labeled pyramidal cell axon initial segment (trkB-is) shows peroxidase labeling associated with the plasmalemma and microtubule fascicles (mt). D, TrkB -immunogold labeling is affiliated with bundled microtubules (mt), membranes of tubulovesicular organelles (tv), and occasionally the plasma membrane ( pl ) of a pyramidal cell axon initial segment (trkB-is). E, A pyramidal cell axon initial segment (trkB-is) contains dense, abundant trkB labeling. In contrast, a nearby axon (trkB-a), which is at the initiation of myelination (curved arrow) and likely originates from a pyramidal cell, contains a small patch of labeling along the plasma membrane. Scale bars, 0.5 m.
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processing conditions (4% paraformaldehyde fixation and trkB antiserum diluted 1:200) result in trkB labeling that is darker with increased diffuse background but is otherwise like that seen with acrolein and paraformaldehyde fixation and trkB antiserum diluted 1:2000 (compare with C). F, Pyramidal cell apical dendrites are prominently labeled in the CA1 region of acrolein-and paraformaldehyde-fixed tissue incubated in an antibody (trkB 23-36 , diluted 1:500) raised against a peptide common to both the f ull-length and truncated trkB receptors. G, The CA1 region of an adsorption control section contains virtually no trkB labeling (compare with C). Scale bars, 50 m. trkB in the hippocampal formation was in axon initial segments of pyramidal and granule cells (Fig. 2) . Labeled initial segments of pyramidal cells (Fig. 2 A, C-E) were approximately the same diameter and orientation as proximal basal dendrites extending into st. oriens (Fig. 2 A) , whereas the initial segments of granule cells were somewhat smaller and extended into the hilus, in the opposite direction from the dendrites (Fig. 2 B) . In all cases, axon initial segments could be distinguished from dendrites by the presence of an "undercoating" along the plasma membrane, microtubules bundled into fascicles, and numerous mitochondria and tubulovesicular organelles (irregularly shaped organelles consisting of an outer membrane and a clear lumen, generally of minimum diameter Ͼ80 nm).
trkB-labeled axon initial segments contained a dense accumulation of peroxidase reaction product along the microtubules and less prominent labeling along the plasma membrane, tubulovesicular organelles resembling the membrane precursors of small synaptic vesicles (Mundigl and De, 1994) , and occasional mitochondria (Fig. 2 A-C,E) . This localization was confirmed in sections labeled with immunogold ( Fig. 2 D) ; silver-enhanced gold particles were associated primarily with microtubules, to a lesser extent with tubulovesicles and plasma membranes, and occasionally with mitochondria.
Beyond the axon initial segments, the pattern of trkB-IR was strikingly different. Labeled axons contained much sparser trkB-IR, which was often clustered around small vesicles or at the plasma membrane (Fig. 2 E) . TrkB-labeling was present both in axons resembling those of pyramidal cells (Fig. 2 E) and in axons of unidentified origin. Finally, although trkB-labeled axons were observed relatively frequently (see Figs. 9, 10), many axons were not labeled, consistent with the discrete clusters of trkB-IR seen in the axons that did contain labeling.
TrkB-IR is present in many types of excitatory-type axon terminals
TrkB-IR was commonly observed in axon terminals. Some labeled terminals (20% in dentate gyrus and 32% in the CA1 region; Table 1 ) formed synapses in the plane of section examined and thus could be identified as excitatory-type or inhibitory type, as defined in Materials and Methods. In the CA1 region, clusters of trkB-IR were observed relatively frequently in excitatory-type terminals in st. oriens and st. radiatum, whereas the alveus and st.
pyramidale contained almost no labeled excitatory-type terminals (Table 1) . Labeled excitatory-type terminals in st. oriens and st. radiatum formed synapses with CA1 pyramidal cell dendritic spines (Fig. 3A) . This distribution and morphology resembled those of the Schaffer collaterals of CA3 pyramidal cells, which contribute a massive excitatory input to st. radiatum and st. oriens (Amaral and Witter, 1995) . TrkB mRNA is present in CA3 pyramidal cells (Klein et al., 1990; Vazquez and Ebendal, 1991; Merlio et al., 1992) , further supporting the idea that at least some of the trkB-labeled terminals are Schaffer collaterals.
St. lacunosum-moleculare of the CA1 region also contained excitatory-type trkB-labeled terminals, although less frequently than other laminae (Table 1) . These terminals contained very dense trkB-IR and formed asymmetric synapses with both spines and shafts of dendrites (Fig. 3 E, F ) . These densely labeled excitatory-type terminals were likely to arise from extrahippocampal sources, because st. lacunosum-moleculare is not innervated by hippocampal pyramidal cells (Amaral and Witter, 1995) but receives excitatory input from both cortical and subcortical areas such as the entorhinal cortex and the nucleus reuniens of the thalamus (Wouterlood et al., 1990; Desmond et al., 1994; Dolleman-Van der Weel et al., 1997) .
In the hilus of the dentate gyrus, trkB labeling was occasionally (10 of 70 total hilar terminals; Table 1 ) observed in the distinctive glutamatergic "mossy fiber" terminals known to originate from granule cells (Fig. 3B) . Some of the labeled mossy fiber terminals lacked synaptic specializations in the plane of section analyzed but could be identified by their large size (Ͼ2 m diameter), convoluted shape, and dense accumulations of small synaptic vesicles and dense-core vesicles (Blackstad, 1963; Claiborne et al., 1986) . TrkB-IR also was detected relatively frequently (Table 1) in smaller, relatively densely labeled hilar terminals that innervated dendritic shafts and spines (Fig. 3D) . These small excitatory-type labeled terminals are most likely en passant terminals of glutamatergic granule cells or hilar mossy cells (Amaral, 1978; Ribak et al., 1985; Claiborne et al., 1986; Buckmaster et al., 1996; Pierce et al., 1999) or subcortical afferents containing acetylcholine or catecholamines, which form some asymmetric synapses in the hilus (Clarke, 1985; Frotscher and Leranth, 1986; Milner and Bacon, 1989) .
Sparsely labeled excitatory-type trkB-labeled terminals were present in st. moleculare of the dentate gyrus, where they formed asymmetric synapses with dendritic spines. Labeled terminals were quite uncommon in the outer two-thirds of this lamina but were relatively frequent in the inner portion (Table 1 ). In contrast, only very few trkB-labeled terminals forming asymmetric synapses were detected in st. granulosum (Table 1) . These terminals also contained sparse trkB-IR and contacted the somata of granule cells and large dendrites, some of which clearly originated from granule cells. Possible sources of the labeled terminals in st. granulosum and inner st. moleculare include hilar mossy cells, Figure 3 . Excitatory-type axon terminals contain trkB-IR. A, T wo terminals (trkB-t) in st. radiatum contain sparse trkB -immunogold labeling. The lower, sparsely labeled terminal forms an asymmetric (excitatory-type) synapse (curved arrow) with a dendritic spine (sp). B, In the hilus of dentate gyrus, a cluster of trkB-IR is present in mossy fiber terminals (trkB-t) identified by their large size and numerous asymmetric synapses (curved arrows) with dendrites ( d). C, A trkB-immunogold-labeled terminal (trkB-t) in st. oriens contains immunogold-silver particles affiliated with small synaptic vesicles and less commonly with the plasma membrane (open arrow). This terminal forms an asymmetric synapse (curved arrow) with an unlabeled dendrite ( d). D, A terminal (trkB-t) in the hilus contains dense trkB-IR and forms an asymmetric synapse (curved arrow) with the shaft of an unlabeled dendrite ( d). E, F, In st. lacunosum-moleculare, terminals with dense trkB-IR form asymmetric synapses (curved arrows) with an unlabeled dendritic shaft ( E) and an unlabeled dendritic spine ( F). Scale bars, 0.5 m.
cholinergic septal neurons, supramammillary hypothalamic neurons, and /or other subcortical afferents (Dent et al., 1983; Clarke, 1985; Frotscher and Leranth, 1986; Milner and Bacon, 1989; Magloczky et al., 1994; Amaral and Witter, 1995; Buckmaster et al., 1996) . Within trkB-labeled terminals, immunoperoxidase labeling indicated and immunogold labeling confirmed that trkB-IR was primarily associated with small synaptic vesicles and to a lesser extent the plasma membrane (Fig. 3) . In terminals as well as axons and axon initial segments, more trkB-immunoreactive sites were detected over synaptic vesicles or transport organelles than at the plasma membrane, suggesting a highly dynamic trafficking of full-length trkB receptors.
Pyramidal and granule cell dendrites contain small clusters of trkB-IR
Dendritic shafts and spines of CA1 pyramidal cells in st. oriens, st. radiatum, and st. lacunosum-moleculare contained small clusters of trkB-IR (Fig. 4) . In dendritic spines, trkB-IR was usually along the plasma membrane (Fig. 4 A, C,E) , very often in or near the postsynaptic density of asymmetric synapses (Fig. 4 A, E) , and occasionally at extrasynaptic sites (Fig. 4C) . In contrast, trkB labeling in the shafts of spiny dendrites was often distributed around organelles in the cytoplasm and was less frequently associated with the plasma membrane (Fig. 4 B) . TrkB-IR was very rarely (two examples in st. oriens) observed in dendritic shafts near symmetric synapses (Fig. 4 D) .
The proportions of immunolabeled dendritic spines and shafts varied between hippocampal laminae. In st. oriens, which contains basal dendrites of pyramidal cells, there was a trend toward more trkB-labeled spines than shafts, although this trend was not significant (see Fig. 9 ). In the pyramidal cell apical dendritic field, st. radiatum contained slightly more labeled spines than shafts, whereas st. lacunosum-moleculare contained more labeled shafts than spines (Fig. 9) . In all three laminae most of the labeled dendrites resembled previous descriptions of pyramidal cell dendrites (Harris and Kater, 1994), although some trkB-labeled Figure 4 . In the CA1 region, dendritic trkB-IR is primarily in spines and to a lesser extent in dendritic shafts. A, In st. radiatum, a dendritic spine contains trkB-IR (trkB-sp) along the postsynaptic density (curved arrow) and plasmalemma. In contrast, no labeling is detected in the parent dendrite of the labeled spine ( d) or in another spine (sp) receiving an asymmetric synapse. An astrocytic process (*) in this field is also labeled. B, In CA1 st. radiatum, a dendritic shaft (trkB-d) contains labeling in the cytoplasm and along a small patch of plasma membrane and extends an unlabeled spine (sp). C, A spine (trkB-sp) in st. radiatum contains a cluster of trkB-IR along the plasmalemma opposite the postsynaptic density (curved arrow). D, A dendritic shaft (trkB-d) in st. lacunosum-moleculare contains trkB-IR at and near a symmetric synapse (curved arrow) from an unlabeled terminal ( t). E, A labeled dendritic spine (trkB-sp) in st. lacunosum-moleculare receives a asymmetric synapse from an unlabeled terminal ( t). The peroxidase reaction product is present along the postsynaptic density, nearby plasmalemma, and cytoplasmic organelles. Scale bars, 0.5 m.
dendritic shafts lacked distinguishing features and thus may have belonged either to pyramidal neurons or to interneurons.
In the dentate gyrus, sparse trkB-IR was observed occasionally in spiny dendrites identical to previous descriptions of granule cell dendrites (Ramon y C ajal, 1911; Desmond and Levy, 1982; Claiborne et al., 1990) in outer, middle, and inner portions of st. moleculare (Fig. 5A ), and to a lesser extent in st. granulosum. The frequency of trkB-IR in dendritic spines versus shafts was not significantly different (see Fig. 10 ). Spines contained trkB-IR along postsynaptic densities and plasma membranes, whereas shafts contained trkB-IR over cytoplasmic organelles and often along the plasma membrane. This is in contrast to labeled CA1 pyramidal cell dendrites, which rarely contained patches of trkB-IR along the plasma membrane of shafts.
TrkB-IR is light and infrequent in neuronal somata
Somatic labeling was detected only rarely at the EM level. When present, trkB-IR was usually associated with cytoplasmic vesicular organelles, mitochondria, and rough endoplasmic reticulum (Fig. 2 A-C; see Fig. 7C ), or in discrete patches along the plasma membrane (sometimes near symmetric synapses). Nuclear labeling was very light (Fig. 2 E) or not detectable (Fig. 6 A) in most neurons, although in sections that were not counterstained and thus possessed lower electron densities, light nuclear trkB labeling was detected more frequently. Endosomes within perikarya and proximal dendrites also contained trkB-IR, but the presence of endosomal labeling in preadsorption controls indicates that a substantial portion of endosomal labeling was nonspecific. As previously noted by others (Venkatesan et al., 1996) , the difference in apparent somatic labeling density observed with light versus electron microscopy is probably attributable to the LM enhancement of labeling density in large structures provided by the greater depth of field, whereas in the ultrathin sections examined by EM such low-abundance labeling is sparse.
Some nonglutamatergic neurons contain trkB-IR
In both CA1 and the dentate gyrus, trkB-IR was present in the axon initial segments of some nonprincipal cells. As in pyramidal and granule cells, trkB-IR in nonprincipal cell axon initial segments began abruptly at the transition from the somata and was concentrated along microtubule fascicles and the plasma membrane (Fig. 6 A) . In the CA1 region, intense trkB-IR was detected Figure 5 . In dentate gyrus, trkB-IR is occasionally detected in spiny dendrites. A, In st. moleculare, a dendrite ( d) extends one trkB-labeled spine (trkB-sp) and one unlabeled spine ( s). B, In the hilus, two spines with trkB -immunoperoxidase labeling (trkB-sp) receive asymmetric synapses from unlabeled terminals ( t). Immunoperoxidase reaction product is present along postsynaptic densities, the plasmalemma, and intracellular organelles. The dendritic shaft ( d) giving rise to the upper labeled spine lacks trkB-IR. C, TrkB-immunogold labeling in a dendritic spine (trkB-sp) in the hilus. This spine receives synapses from two unlabeled terminals ( t). Immunogold particles are located along the plasmalemma near one postsynaptic density and over an unidentifiable intracellular organelle. A nearby terminal (trkB-t) also contains trkB-IR affiliated with synaptic vesicles. Scale bars, 0.5 m.
in axon initial segments of some interneurons in st. oriens (Fig.  6 A) and st. radiatum (data not shown). In addition to their location outside of st. pyramidale, these cells could be positively identified as interneurons by their somatic morphology, particularly the characteristic infolded nucleus (Fig. 6 A) . In the dentate gyrus, labeled axon initial segments were observed in the hilus but not in st. moleculare. In the hilus, none of the labeled initial segments observed were continuous with somata in the plane of section analyzed or in available adjacent sections, so it was not possible to determine whether these originated from excitatory mossy cells or inhibitory interneurons.
Some inhibitory-type axon terminals in both the CA1 and the dentate gyrus contained trkB labeling, although such terminals were less common than labeled excitatory-type terminals (Table  1) . Labeled inhibitory-type axon terminals typically contained dense accumulations of trkB-IR and formed symmetric synapses with dendritic shafts and somata of both pyramidal and granule cells and interneurons (Fig. 7A-C) .
TrkB-IR was observed occasionally in identified interneuron dendrites in the CA1 region. These interneuron dendrites lacked spines and received numerous asymmetric synapses and occasional symmetric synapses on their shafts. In contrast, dendrites of the glutamatergic pyramidal cells receive most asymmetric synapses onto spines and receive primarily symmetric synapses on their shafts. Only very rarely was trkB-IR in serendipitously sectioned dendrites that could be clearly identified as interneurons (Fig. 6 B) , although trkB-IR was regularly observed in dendritic profiles that lacked spines in the plane of section (Fig. 4 D) .
In the dentate gyrus, trkB-labeled interneuron dendrites were not definitively identified. In the hilus, most trkB-labeled dendritic structures extended spines or were themselves spines (Fig.  5 B, C) . Some of these were synaptically contacted by mossy fiber terminals and clearly resembled dendrites of mossy cells, an excitatory glutamate-containing cell population with somata and spiny dendrites in the hilus (Ramon y C ajal, 1911; Amaral, 1978; Ribak et al., 1985) . Other dendritic spines with trkB-IR were less distinctive and may have belonged either to mossy cells or to a population of spiny hilar interneurons (Freund and Buzsaki, 1996) .
TrkB 23-36 labeling is in the same neuron populations as trkB-IR but is concentrated at different subcellular sites
By EM, trkB [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] antiserum was observed in pyramidal cells (Fig.  8 A) , granule cells, some interneurons, and some glial profiles (Fig. 8 B) . Within neurons, trkB [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] labeling was present in all the cellular compartments that contained full-length trkB-IR: somata (Fig. 8 A) , dendritic shafts (Fig. 8 D) , dendritic spines (Fig.  8C) , axon initial segments (Fig. 8 A) , axons (Fig. 8 B) , and terminals (data not shown). However, the relative density and fre- Figure 7 . Some inhibitory-type axon terminals in the hippocampus and dentate gyrus contain dense trkB-IR. A, A labeled axon terminal (trkB-t) in st. pyramidale of the CA1 region forms an inhibitory-type synapse ( parallel arrows) with a large labeled dendrite (trkB-d) containing a small patch of trkB immunoprecipitate (arrow). B, In the hilus of the dentate gyrus, an intensely labeled terminal (trkB-t) and an unlabeled terminal ( t) form symmetric synapses ( parallel arrows) with an unlabeled dendrite ( d). Other surfaces of the labeled terminal appose glial processes (*). C, At the hilus-st. granulosum interface in the dentate gyrus, a densely labeled terminal (trkB-t) forms a symmetric synapse ( parallel arrows) with a granule cell perikaryon ( p) containing trkB-immunolabeled rough endoplasmic reticulum (trkB-er). Scale bars 0.5 m.
quency of labeling in these compartments were considerably different from those of the f ull-length trkB labeling. TrkB 23-36 -IR was common and was very dense within somata (Fig. 8 A) and large dendritic shafts (Fig. 8 D) . Dendritic spines with trkB 23-36 -IR (Fig. 8C) were uncommon and less intensely labeled. Axon initial segments with trkB 23-36 labeling (Fig. 8 A) were frequently observed and were substantially less densely labeled than those with full-length-specific trkB labeling. Axons and axon terminals labeled with trkB 23-36 were very infrequent and contained only very sparse trkB 23-36 labeling (Fig. 8 B) . [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] labeling overlaps that of the f ull-length-specific trkB antibody but is concentrated in different subcellular compartments. A. In st. pyramidale of the CA1 region, dense trkB 23-36 -immunogold labeling is present in a pyramidal cell perikaryon (trkB-p). The nucleus ( n) is unlabeled. An adjacent axon initial segment (trkB-is) contains light immunoreactivity along microtubule bundles. B, In st. radiatum, trkB 23-36 is present in an axon (trkB-a) and a glial process (*). C, A trkB 23-36 -labeled dendritic spine (trkB-sp) in st. radiatum receives an asymmetric synapse from an unlabeled terminal ( t). D, TrkB 23-36 labeling in a spiny dendrite in st. radiatum. The dendritic shaft (trkB-d) contains dense immunoreactivity and extends two unlabeled spines (sp). Scale bars, 0.05 m.
TrkB labeling varies between laminae
To determine whether trkB-IR was located more commonly in particular cellular compartments, the relative frequency was estimated for each type of trkB-labeled profile in all CA1 and dentate gyrus laminae. TrkB-IR was present in similar-sized small patches within different types of labeled profiles, with the exception of the densely labeled axon initial segments and the scarce but densely labeled terminals of putative interneurons and extrahippocampal afferents. Because every thin section through these densely labeled structures would contain label, this may have led to an overestimation of their prevalence. Because conservative criteria were used to classify profiles, a small proportion (6.7% in CA1 and 7.5% in dentate gyrus) of profiles lacking sufficient distinguishing characteristics were classified as unknown. Most of the unknown profiles were very small (Ͻ0.1 m), round processes that resembled small axons or glial processes.
For all laminae, the number of trkB-labeled presynaptic structures (axons, initial segments, and axon terminals) was compared with labeled postsynaptic structures (dendritic spines and shafts). In the CA1 region, the alveus, st. oriens, st. pyramidale, and st. lacunosum-moleculare all contained significantly more presynaptic than postsynaptic labeled profiles (Fig. 9) . However, in st. radiatum, differences between presynaptic and postsynaptic distribution were not significant (Fig. 9 ). In the dentate gyrus, the hilus and st. granulosum contained more presynaptic than postsynaptic labeling, whereas in the inner portion of st. moleculare, differences between presynaptic and postsynaptic labeled profiles were insignificant (Fig. 10) . The observed differences may be attributable in some instances to differences in the neuropil composition: for example, the alveus contains many myelinated axons of pyramidal neurons and other neurons but few dendrites. However, in laminae with abundant profiles of both types, trkB-IR was more often detected in axons and terminals than in somata and dendrites.
Because trkB ligands have been repeatedly shown to modulate synaptic plasticity in st. radiatum (Thoenen, 1995; Bonhoeffer, 1996; Lu and Figurov, 1997) , we examined the proportion of all presynaptic profiles in this lamina that contained trkB-IR. Three micrographs (one from each animal) were chosen from those used in quantifying trkB-labeled profiles, and all labeled "presynaptic" profiles (axons and terminals) were counted. Within these measured fields (ranging from 233 to 244 m 2 ), 344 -371 presynaptic profiles were present, corresponding to a density of 1.42-1.50 presynaptic profiles/m 2 . An average density of 1.48 presynaptic profiles/m 2 was extrapolated to the 3025 m 2 fields in which trkB counts were made, resulting in ϳ4477 unlabeled and labeled presynaptic profiles/3025 m 2 . Considering that on average 20 trkB-labeled presynaptic profiles were seen in this area, ϳ1 of 224 presynaptic profiles observed in single sections through st. radiatum contained trkB labeling. Because the discrete clusters of trkB-IR are not present in most planes of section, this is an underestimation of the actual numbers of labeled terminals. Nonetheless, the low trkB-labeling density within terminals, combined with the relatively low abundance of labeled terminals, suggests that the distribution of f ull-length trkB is quite restricted.
DISCUSSION
In this study we have examined the ultrastructural localization of immunoreactivity for the f ull-length (catalytic) trkB receptor in the hippocampal formation. Our results are summarized in Figure 11 . We find that the catalytic trkB receptor is present within axon initial segments of several types of neurons, suggesting extensive trafficking. TrkB is also in a subset of axon terminals and dendritic spines of granule and pyramidal cells, suggesting roles in both presynaptic and postsynaptic modulation of glutamatergic neurotransmission. Furthermore, trkB is also in some nonglutamatergic neurons, indicating potential roles in inhibitory or neuromodulatory circuits as well.
Catalytic trkB in the trisynaptic circuit: targeting to compartments mediating excitatory neurotransmission
Striking accumulations of trkB labeling were seen in axon initial segments of pyramidal neurons and granule cells. Most labeling was associated with intracellular organelles, suggesting a highly dynamic trafficking of trkB receptors in the axonal compartment. Interestingly, it was recently reported that the rapid retrograde signal carried by trk receptors in sciatic neurons is vesicleassociated (Bhattacharyya et al., 1997) . TrkB-IR also was observed along the plasma membrane of axon initial segments, suggesting that trkB activation might play a role in modulating the axonal propagation of action potentials from their initiation at the adjacent axon hillock.
We detected trkB-IR in a small subset of presynaptic terminals within the classic hippocampal "trisynaptic circuit," i.e., the excitatory glutamatergic circuit from perforant path terminals to dentate granule cells to CA3 pyramidal cells to CA1 pyramidal cells (Amaral and Witter, 1995) . This is consistent with electrophysiological studies showing rapid, presynaptic enhancement of hippocampal synaptic transmission by BDNF, NT-3, and NT-4/5 (Le␤mann et al., 1994; Kang and Schuman, 1995; Levine et al., 1995; Scharfman, 1997; Messaoudi et al., 1998) . TrkB-IR in axon terminals was often over small synaptic vesicles. Neurotrophins stimulate the phosphorylation of the synaptic vesicle protein synapsin I by MAP kinase (Jovanovic et al., 1996) , which may lead to mobilization of small synaptic vesicles and a subsequent increase in synaptic efficacy (Greengard et al., 1993) . TrkB-IR was detected in only a small proportion of granule and pyramidal cell axon terminals and within labeled terminals was clustered in a small area. This indicates that catalytic trkB is either in selected populations of excitatory terminals or is sparsely present in many such terminals but below the threshold of detection in most planes of section. These findings suggest that a high density of presynaptic catalytic trkB receptors may not be required for profound effects on plasticity, or that although trkB can modulate presynaptic function, a portion of its role in synaptic plasticity may be postsynaptic.
A role for trkB ligands in local postsynaptic modulation of excitatory neurotransmission is suggested by the presence of trkB-IR in dendritic spines, which are the targets of glutamatergic innnervation in the trisynaptic circuit (Blackstad, 1963; Bramham et al., 1990) . Physiological studies have suggested that postsynaptic trkB receptors may mediate some rapid effects of BDNF. In cultured hippocampal neurons, injection of the trk tyrosine kinase inhibitor K252a into the postsynaptic neuron partially prevents the BDNF-evoked potentiation of synaptic transmission, whereas injection of the phosphatase inhibitor okadaic acid enhances the BDNF effect (Levine et al., 1995) . Furthermore, BDNF has been shown to postsynaptically diminish pyramidal cell responses to synaptically released GABA (Tanaka et al., 1997) . In combination with the evidence for presynaptic trkB discussed above, these findings strongly suggest that, depending on experimental context, both presynaptic and postsynaptic effects of trkB ligands can occur.
TrkB-IR was frequently at the plasma membrane of dendritic spines, suggesting that spines are important recipients of signals Figure 10 . The number and type of profiles with trkB-IR varies between laminae in the dentate gyrus. Inset, For each animal (n ϭ 3), 55 ϫ 55 m fields (black squares show location) were selected in two thin sections (each from a different 40 m section) from the subgranular zone of the hilus (hi), suprapyramidal blade of st. granulosum (sg), and inner onethird of st. moleculare (sm). A-C, Mean number Ϯ SEM of trkB-IR in terminals, axons, axon intial segments, somata, spines, shafts, glia, and unknown profiles in each lamina. Values within graphs indicate the sum of the means of presynaptic profiles (terminals, axons, and axon initial segments) and postsynaptic profiles (dendritic spines, shafts, and somata). As indicated by the asterisk s, trkB-labeled presynaptic profiles were significantly more numerous than labeled postsynaptic profiles in st. granulosum and the hilus ( p ϭ 0.026 and 0.004, respectively) and were of similar abundance in st. moleculare ( p ϭ 0.240).
transmitted by ligands such as BDN F. The intracellular distribution of trkB-IR in dendritic shafts (and to a lesser degree in spines) may represent trkB receptors in transit to and from the spines or a pool of receptors available for rapid insertion into the plasma membrane of either shaft or spine. Such rapid insertion was recently demonstrated in cultured retinal neurons, in which excitatory stimuli (depolarization or cAM P elevation) triggered the translocation of trkB-IR from cytoplasm to plasma membrane (Meyer-Franke et al., 1998) . This could represent a mechanism for relatively rapid enhancement of postsynaptic sensitivity to incoming signals, reminiscent of the AM PA receptor insertion postulated to underlie "silent synapse" conversion (Liao et al., 1995) .
TrkB in extrahippocampal afferents and GABAergic interneurons: different roles than in principal cells?
We also found extensive anatomical evidence that trkB ligands may play a role in modulating the effects of GABAergic interneurons and input from extrahippocampal afferents. Intense trkB-IR was present in some interneuron axon initial segments and in axon terminals that formed inhibitory-type (symmetric) synapses characteristic of GABAergic, cholinergic, and monoaminergic terminals. The localization of trkB-IR to hippocampal interneurons is consistent with previous findings that some interneurons contain trkB mRNA (Zachrisson et al., 1996) and respond to BDNF (Marty et al., 1996) . BDNF also has been shown to enhance acetylcholine release from hippocampal synaptosomes (Knipper et al., 1994) . TrkB labeling also was detected in some excitatory-type axon terminals resembling those known to arise from extrahippocampal afferents (Amaral and Witter, 1995) . These terminals, which may contain glutamate and/or neuromodulators, were much more intensely labeled than terminals of the trisynaptic circuit.
The dense labeling of afferent and probable interneuron axon terminals suggests that trkB ligands may be playing different roles in these populations than in granule and pyramidal neurons. For example, intense accumulations of trkB receptor might reflect a need for high levels of trophic support. Neurotrophins are known to have trophic actions on GABAergic interneurons (Marty et al., 1996) and septal afferents containing GABA (Rocamora et al., 1996) and acetylcholine (Alderson et al., 1990; Knüsel et al., 1991; Wetmore et al., 1991; DiStefano et al., 1992; Burke et al., 1994) , as well as some serotonergic, dopaminergic, and noradrenergic neurons (Altar et al., 1994; Mamounas et al., 1995; Sklair-Tavron and Nestler, 1995; Spenger et al., 1995) . Another interesting possibility is that these inhibitory and modulatory neurons may themselves be subject to modulation by trkB ligands, resembling the recently proposed "metaplasticity," which may regulate the ability of neurons to alter synaptic efficacy (Abraham and Bear, 1996) . The precise determination of which afferent populations contain catalytic trkB awaits future dual-labeling studies.
Patterns of full-length trkB-IR complement pan-trkB localizations and overlap the distribution of BDNF-IR
Previous LM studies using the trkB 23-36 antibody, which recognizes both full-length and truncated trkB receptors, have reported considerable labeling of dendritic shafts of pyramidal cells but no detectable labeling of spines, axon initial segments, or terminals (Fryer et al., 1996; Yan et al., 1997) . Using the higher resolution afforded by EM, we observed sparse labeling of a few spines, initial segments, axons, and terminals in addition to the dense labeling of somata and dendritic shafts. The apparent lack of labeled spines and terminals in previous reports may have been partially attributable to the lower sensitivity of light microscopy to sparsely labeled small structures. Additionally, if the trkB [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] antibody mainly recognizes truncated trkB receptors in fixed tissue (see Results), this suggests that the truncated trkB receptors are mainly in somata and dendritic shafts. In contrast, fulllength trkB receptors appear to be concentrated predominantly in axons, terminals, and dendritic spines. Functionally, truncated trkB receptor might limit the diffusion of trkB ligands (Bothwell, 1995) , preventing access to distant terminals and/or spines. Although data on the subcellular localization of different trkB forms during development are not yet available, the developmental increase in the ratio of truncated to full-length trkB (Allendoerfer et al., 1994; Fryer et al., 1996) is consistent with truncated trkB serving to increasingly restrict access to trkB ligands during maturation.
The trkB ligand BDNF has previously been localized by LM (Wetmore et al., 1991; Dugich-Djordjevic et al., 1995; Conner et al., 1997; Yan et al., 1997) . In the CA1 region, BDNF-IR was Figure 11 . Summary of sites containing specific trkB labeling in the CA1 region of hippocampus and the dentate gyrus (DG). Intense labeling (large red asterisks) and sparse labeling (small purple asterisk s) were sometimes observed in different compartments of the same cells. Not shown: intensely labeled terminals of unidentified origin in the hilus. more abundant in st. oriens and st. radiatum, where we often observed trkB-IR. In the dentate gyrus, BDN F-IR, like trkB-IR, was most abundant in the hilus, followed by the inner portion of st. moleculare. These findings demonstrate an excellent match between immunoreactivity for catalytic trkB and its ligand BDNF and are consistent with f unctional, relatively local, interactions between endogenous BDN F and the f ull-length trkB receptor in adult rat hippocampal formation.
Implications for activity-dependent plasticity
The discrete clusters of labeling for f ull-length trkB on excitatorytype terminals and dendritic spines in the trisynaptic circuit imply spatially restricted effects of trkB ligands. Such spatial restriction of neurotrophin action would be expected if trkB ligands are playing a role in selectively modulating active synapses. Activitydependent secretion of N T-4/5 by cultured myocytes can evoke highly localized potentiation of synaptic transmission (Wang et al., 1998) , suggesting that the initial, localized actions of secreted neurotrophins could help establish the transient "synaptic tag" suggested to be critical for the late phase of LTP (Frey and Morris, 1997) .
During the activity-dependent refinement of cytoarchitecture in the developing visual and cerebellar systems, neurotrophins modulate both axon outgrowth and higher-order dendritic branching and spine formation (C abelli et al., 1995 , 1997 McAllister et al., 1995 McAllister et al., , 1996 McAllister et al., , 1997 Morrison and Mason, 1998) . In the adult, the limited structural data available suggest that the later phases of LTP may be expressed as changes in dendritic spine shapes and /or synaptic morphology (Stanton, 1996) . By analogy to the effects of neurotrophins on dendrite and spine structure during development, neurotrophins acting through f ull-length trkB receptors on dendritic spines and terminals might contribute to the activity-dependent refinement of hippocampal connections during adult synaptic plasticity.
